Introduction {#sec1}
============

Singapore has the second highest rate of diabetes mellitus (DM) in developed nations, with a national prevalence of 13.7%.[@bib1] DM can have severe consequences on vision and quality of life if left uncontrolled.[@bib2]^,^[@bib3] Apart from diabetic retinopathy (DR), which is the most common visual complication of DM and the leading cause of vision impairment and blindness among working adults globally,[@bib1]^,^[@bib4] DM is also a risk factor for other causes of vision loss, such as glaucoma, age-related macular degeneration (AMD), and cataracts.[@bib2]^,^[@bib5]

Early detection and intervention can, however, reduce the impact of diabetic eye diseases. Although studies have demonstrated that a 47% decrease in the average annual incidence of diabetes-related blindness over 5 years is possible with the implementation of eye screening services, these efforts have been hampered by the high rates of nonadherence to post screening ophthalmic referral (PSOR), ranging from 30% to 79%, in Western populations.[@bib6]^--^[@bib9] Several factors have been associated with nonadherence to PSOR, including low DM health literacy, lack of knowledge and awareness of eye disease, male sex, older age, depression, less severe eye disease, long commute distance to screening centers, low socioeconomic status, lack of time and shorter duration of diabetes.[@bib6]^--^[@bib8]^,^[@bib10]^--^[@bib13] However, there is scant information on both the rates of nonadherence to PSOR, as well as its associated determinants in Asia, which makes it challenging for health care practitioners to implement appropriate interventions to reduce nonadherence and improve the efficacy of diabetic eye screening programs.

In this article, we aimed to address these knowledge gaps by estimating the rates of nonadherence to PSOR and determining its associated predictors in a large retrospective clinical cohort of Asian patients with type 2 DM (T2DM) who underwent a national teleophthalmic diabetic eye screening program: the Singapore Integrated Diabetic Retinopathy Program (SiDRP). Patients included in this study were referred for tertiary evaluation and management of their diabetes-related eye diseases. We hypothesize high rates of nonadherence to PSOR in this population, with factors such as DM severity and duration, younger age, less severe eye disease, and poorer systemic health being predictive of nonadherence. Using the above factors, we additionally aimed to construct and evaluate the accuracy of a preliminary risk prediction model to identify individuals who were nonadherent to PSOR.

Methods {#sec2}
=======

In this retrospective clinical cohort study, electronic medical records (EMR) of a total of 4034 individuals who underwent teleophthalmic screening under the SiDRP between 2010 and 2014 were reviewed. All patients had ocular conditions necessitating ophthalmic referral to the Singapore National Eye Centre (SNEC). We excluded 1474 individuals who did not have complete data for all variables examined in this study, along with 173 individuals without gradable fundus images, leaving a total of 2387 individuals in the final analysis. This high proportion of missing data spanned the period when clinical-centric paper-based medical records were transitioning to medical cluster-centric EMR (between 2010 and 2012), with most of these missing data related to duration of diabetes (data not shown). The study followed the tenets of the Declaration of Helsinki, and ethics approval was obtained from the centralized institutional review board (reference \# R1211/17/2015). All subjects consented to the use of their anonymized data for research prior to enrolling in the SiDRP program.

Overview of the SiDRP Program {#sec3}
=============================

The SiDRP is a nationwide teleophthalmic and primary care screening model that was set up in 2010. Since its inception, it encompasses all 18 government polyclinics islandwide in Singapore. When a patient with diabetes from the community visits any of these polyclinics for their annual eye screening, their visual acuity (VA) readings are taken and dilated fundus photographs captured using a nonmydriatic fundus camera (TRC NW8-NW200; Topcon, Tokyo, Japan) by trained nurses. The images are sent via high-speed internet to grading centers located at the SNEC and Tan Tock Seng Hospital (TTSH). Trained graders then grade these photographs for any lenticular or retinal abnormalities, with the report sent back to the polyclinic within the hour. These graders are subject to clinical audits every 6 months in which a random selection of their images are regraded by an ophthalmologist. All graders are expected to maintain a sensitivity and specificity ≥90% for ocular diagnoses from fundal images, compared with the ophthalmologist. Based on these grader reports, VA readings, and patients' ocular presentation, the primary care physician will then proceed to refer patients for a tertiary ophthalmic appointment within 3 months at a time and location of their choice (see [Supplementary Table S1](#tvst-9-6-15_s002){ref-type="supplementary-material"} for the SiDRP referral protocol). The appointments are made on the spot by trained clinic staff.

Nonadherence {#sec3-1}
------------

Nonadherence was our main outcome and was defined as a patient not attending their SNEC appointment within 6 months of their initial appointment date. Although all routine referrals are to be made within 3 months post screening, we allowed a grace period of 6 months to account for possible delay caused by lack of available appointment slots after rescheduling/postponement of existing appointments. This decision was based on consensus agreements from both primary and tertiary care physicians.

Predictors of Nonadherence {#sec3-2}
--------------------------

Referable conditions, such as DR, glaucoma, AMD, cataract, and other eye diseases, were detected through the analysis of an individual\'s two-field retinal photographs (centered on the optic disc and macula) by trained graders at reading centers located at SNEC and TTSH. The referral criteria for these conditions were defined as follows:•DR: moderate nonproliferative DR or worse and/or presence of diabetic macular edema (DME).•AMD: presence of geographic atrophy or neovascular AMD.•Cataract: any media opacity with VA \<6/12.•Glaucoma: cup disc ratio ≥0.65 either eye, disc asymmetry ≥0.2, disc hemorrhage, notching, or rim thinning.•Other conditions: presence of macular hemorrhage, retinal vessel occlusion, retinal detachment, and papilloedema

All clinical and sociodemographic data were retrieved from the EMR database. Variables included in the analyses were age, sex, ethnicity, body mass index (BMI; kg/m^2^), systolic (SBP) and diastolic blood pressure (DBP) (mm Hg), hemoglobin A1c (%), total cholesterol, high-density lipoprotein (HDL) (mmol/L), low-density lipoprotein (LDL) (mmol/L), and creatinine (mmol/L). Blood biochemistry was assessed using blood samples taken after at least 8 hours of fasting at the Singapore General Hospital laboratory. Snellen Visual Acuity was performed with habitual correction by trained nurses at 6 m and converted to logarithm of the minimum angle of resolution (logMAR) values for analysis. Values for both the better and worse-eye VA were utilized in analyses.

Statistical Analyses {#sec3-3}
--------------------

We summarized continuous variables using means and standard deviations (SD), and categorical variables with counts and percentages. Comparison between patients who adhered and did not adhere to their appointments was made using the Mann-Whitney *U* test for continuous variables, and the Fisher\'s exact test for categorical variables. All variables that were significantly different between the two groups examined were entered simultaneously into a multivariable modified Poisson model, to determine their independent associations with nonadherence to PSOR. Because there was a small proportion of individuals who attended and was referred for tertiary ophthalmic management more than once within the time period of the study (N = 34), we made the decision to retain these visits as unique visits. However, we attempted to account for possible interdependencies in analyses by utilizing general estimating equations to estimate the risk ratios (RRs) and their standard errors for each predictor. We further conducted supplementary sensitivity analyses excluding these 34 individuals. The results of the latter are similar to that of the main analyses and are shown in [Supplementary Table S2](#tvst-9-6-15_s002){ref-type="supplementary-material"} and [Supplementary Figure S1](#tvst-9-6-15_s001){ref-type="supplementary-material"}.

The receiver operating characteristic curve (AUC) of the model was then assessed to estimate the performance of the model in discriminating between patients who adhered and did not adhere to their appointments. A *P* value of \<0.05 was considered statistically significant. In addition, we used a tree-based conditional inference analysis, which recursively partitions study participants into mutually exclusive groups by selected variables found significantly predictive of nonadherence to PSOR.[@bib14] The conditional inference analysis makes much fewer modeling assumptions, allows for nonlinear interactions involving multiple variables, and is clearly visualized and easily interpreted for the purpose of identifying complex relationships between these variables; leading to a more compact model that maintains similar predictive accuracy to traditional multivariable models. A *P* value of \<0.05 with Bonferroni correction for cumulative multiple testing to decide if a split was to be made at each step of the tree construction process. Analyses were performed using Stata version 15 (StataCorp LLC, TX, USA) and R version 3.5.0 (R Foundation, Vienna, Austria). The R package partykit version 1.2-2 was used for regression tree analyses.

Results {#sec4}
=======

A total of 2421 visits made by 2387 patients were included in this analysis. Of the 2387 patients, 1877 (78.6%) were Chinese, 278 (11.7%) were Indian, 174 (7.3%) were Malays, and 58 (2.4%) were of other ethnicities. The mean age of the sample was 66.5 (SD, 11.0) years; duration of diabetes ranged from 1 to 39 years; and 52.5% were female patients. Out of 2421 visits, 307 visits did not result in attendance of tertiary referral within 6 months, which translates to a PSOR nonadherence rate of 12.7% (95% confidence interval \[CI\], 11.4%--14.1%). Nonadherent individuals had higher BMI, lower SBP, lower HbA~1c~, better VA, were less likely to be using DM medication, have a referable eye condition, and have two or more concurrent conditions, including DR, DME, glaucoma, AMD, cataract, and other eye conditions ([Table 1](#tbl1){ref-type="table"}).

###### 

Patients' Sociodemographic and Clinical Characteristics Stratified by Adherence to PSOR (N = 2421)

                                         Mean (SD)/N (%)                  
  -------------------------------------- ----------------- -------------- -----------
  Age (years)                            66.6 (11.1)       66.0 (9.8)     0.190
  BMI (kg/m^2^)                          25.7 (4.5)        26.3 (4.7)     **0.036**
  Diabetes duration (years)              7.5 (6.0)         7.3 (5.9)      0.639
  SBP (mm Hg)                            132.3 (18.2)      129.6 (17.7)   **0.007**
  DBP (mm Hg)                            69.9 (10.6)       69.4 (10.4)    0.530
  HbA1c (%)                              7.4 (1.6)         7.1 (1.3)      **0.001**
  Total cholesterol (mmol/L)             4.5 (1.0)         4.5 (0.9)      0.948
  HDL cholesterol (mmol/L)               1.4 (0.4)         1.4 (0.4)      0.058
  LDL cholesterol (mmol/L)               2.5 (0.8)         2.4 (0.8)      0.152
  Triglyceride (mmol/L)                  1.5 (1.1)         1.5 (0.7)      0.163
  Creatinine (mmol/L)                    86.1 (38.4)       83.3 (39.2)    0.062
  Presenting VA in better eye (logMAR)                                    
  Presenting VA in worse eye (logMAR)    0.5 (0.5)         0.4 (0.3)      **0.001**
  Female                                 1111 (52.6)       160 (52.1)     0.903
  Race                                                                    
   Malay                                 159 (7.5)         19 (6.2)       0.222
   Indian                                235 (11.1)        46 (15.0)      
   Chinese                               1670 (79.0)       234 (76.2)     
   Others                                50 (2.4)          8 (2.6)        
  DR severity                                                             
   No DR                                 1362 (64.4)       258 (84.0)     **0.001**
   Mild DR                               376 (17.8)        30 (9.8)       
   Moderate DR                           245 (11.6)        9 (2.9)        
   Severe DR                             105 (5.0)         7 (2.3)        
   Proliferative DR                      26 (1.2)          3 (1.0)        
  DME                                    345 (16.3)        13 (4.2)       **0.001**
  Glaucoma                               270 (12.8)        9 (2.9)        **0.001**
  AMD                                    203 (9.6)         9 (2.9)        **0.001**
  Cataract                               608 (28.8)        35 (11.4)      **0.001**
  Other eye condition                    590 (27.9)        26 (8.5)       **0.001**
  Two or more eye conditions             490 (23.2)        23 (7.5)       **0.001**
  Antihypertensive medication use        1843 (87.3)       268 (87.6)     1.000
  Anticholesterol medication use         1817 (86.1)       271 (88.6)     0.248
  Antidiabetic medication use            1669 (79.1)       225 (73.5)     **0.031**

Mann-Whitney *U* test or the Fisher\'s exact test. Bold indicates statistically significant results (*P* \< 0.05).

Simultaneous inclusion of the above variables in a multivariable model showed that patients who had higher triglyceride levels at the time of their SiDRP visit were at greater risk of nonadherence to PSOR, with an adjusted RR of 1.07 (95% CI, 1.01--1.13) per mmol/L increase in triglyceride. Worse-eye VA was included instead of better-eye VA as univariable analyses revealed worse-eye VA had a slightly stronger association with nonadherence to PSOR than better-eye VA (58% vs. 57%, data not shown). Presence of referable eye conditions was associated with a lower risk of nonadherence, with RRs ranging from 0.58 (for mild DR) to 0.09 (for glaucoma), with the presence of concomitant referable conditions being associated with a 72% lower risk of nonadherence compared with the presence of a single referable ocular condition (RR, 0.28; 95% CI, 0.19--0.40; [Table 2](#tbl2){ref-type="table"}). Adding each eye disease individually to a base model (AUC, 0.64) of sociodemographic and systemic risk factors significantly improved model prediction, with improved AUCs ranging from 0.67 (for AMD) to 0.69 (for DR severity). The full multivariable model with all six eye conditions included was able to discriminate between adherent and nonadherent individuals with an estimated predictive accuracy of 84% (AUC, 0.80; 95% CI, 0.81--0.87; [Table 3](#tbl3){ref-type="table"}). The conditional inference regression tree had similar predictive accuracy to the multivariable modified Poisson model. However, the regression tree only selected seven variables in the following order of statistical significance: more than one eye condition, the presence of cataract, other eye conditions, glaucoma, moderate and worse DR, AMD DR severity, and mild DR ([Figure](#fig1){ref-type="fig"}). The regression tree further found that the subgroup of individuals who did not have any of the earlier mentioned eye conditions in retinal photos or only had mild DR were the most likely to miss attending their tertiary referrals, with estimated nonadherence probability percentages of 55.2% (95% CI, 49.9--60.4) and 33.9% (95% CI, 21.8--47.8), respectively.

###### 

Multivariable-Adjusted Predictors of Nonadherence to PSOR (N = 2421)

  Variable                                                            RR (95% CI)     *P*
  --------------------------------------------------------------- ------------------- -------------
  Age (years)                                                      0.99 (0.98--1.01)  0.320
  Female                                                           0.93 (0.76--1.15)  0.509
  BMI (kg/m^2^)                                                    1.01 (0.99--1.03)  0.438
  Race                                                                                
   Chinese                                                             Reference      
   Indian                                                          1.12 (0.87--1.44)  0.390
   Malay                                                           1.10 (0.72--1.68)  0.651
   Others                                                          1.12 (0.69--1.83)  0.639
  SBP (mm Hg)                                                      1.00 (0.99--1.00)  0.725
  HbA1c (%)                                                        0.94 (0.86--1.03)  0.179
  HDL cholesterol (mmol/L)                                         1.27 (0.99--1.62)  0.058
  LDL cholesterol (mmol/L)                                         0.97 (0.85--1.11)  0.667
  Triglyceride (mmol/L)                                            1.07 (1.01--1.13)  **0.024**
  Creatinine (mmol/L)                                              1.00 (1.00--1.01)  0.527
  Presenting VA in worse eye (logMAR)                              0.98 (0.92--1.03)  0.397
  DR severity                                                                         
   No DR                                                               Reference      
   Mild DR                                                         0.58 (0.36--0.93)  **0.024**
   Moderate DR                                                     0.10 (0.05--0.20)  **\<0.001**
   Severe DR                                                       0.27 (0.13--0.57)  **0.001**
   Proliferative DR                                                0.43 (0.15--1.28)  0.131
  DME                                                              0.20 (0.09--0.43)  **\<0.001**
  Glaucoma                                                         0.09 (0.04--0.17)  **\<0.001**
  AMD                                                              0.12 (0.06--0.24)  **\<0.001**
  Cataract                                                         0.16 (0.11--0.23)  **\<0.001**
  Other eye condition                                              0.15 (0.10--0.22)  **\<0.001**
  Two or more eye conditions[^a^](#tb2fn1){ref-type="table-fn"}    0.28 (0.19--0.41)  **\<0.001**
  Antihypertensive medication use                                  1.11 (0.84--1.49)  0.462
  Anticholesterol medication use                                   1.04 (0.76--1.44)  0.790
  Antidiabetic medication use                                      0.86 (0.69--1.07)  0.187

Substitutes for the six individual eye conditions in the multivariable model. Bolded values indicate statistically significant results (*P* \< 0.05).

###### 

The AUC for Various Models in Prediction of Nonadherence to PSOR

  Model   Description                                                      AUC (95% CI)
  ------- ---------------------------------------------------------------- -------------------
  1       Base[^a^](#tb3fn1){ref-type="table-fn"}                          0.64 (0.61--0.67)
  2       Plus DR severity                                                 0.69 (0.66--0.72)
  3       Plus DME                                                         0.68 (0.64--0.71)
  4       Plus glaucoma                                                    0.68 (0.65--0.71)
  5       Plus AMD                                                         0.67 (0.63--0.70)
  6       Plus cataract                                                    0.68 (0.65--0.71)
  7       Plus other eye condition                                         0.68 (0.65--0.71)
  8       Plus all six eye conditions[^b^](#tb3fn2){ref-type="table-fn"}   0.84 (0.81--0.87)
  9       Plus two or more eye conditions                                  0.70 (0.67--0.73)
  10      Plus all six eye conditions and two or more eye conditions       0.84 (0.81--0.87)
  11      Conditional inference regression tree                            0.84 (0.81--0.86)

Modified Poisson model adjusted for age, sex, BMI, SBP, triglycerides, and worse eye presenting VA.

The AUC for model 8 was significantly higher than models 1--7, and 9.

AUCs for all models was significantly higher than the base model.

![Conditional inference tree for the prediction of non-adherence to PSOR (N = 2421 visits). The dataset is successively split (from top right to bottom left) in order of the predictor variable that produces the largest significant difference in an asymptotic test statistic comparing non-adherence between the split groups. The tree has a total of 7 branches (B1 to B7) and ovals contain the splitting variable at each branch and the corresponding Bonferroni-corrected P-value for the split. Rectangular boxes are terminal nodes of the tree that patients are exclusively classified into. N refers to the number of patients in each node and the prevalence of non-adherence to PSOR is given adjacent within parentheses. For example, a patient with AMD and no other referable eye conditions would move downwards (southwesterly) the tree and be siphoned out at the sixth branch into the AMD node, with an estimated non-adherence probability of 3.2%.](tvst-9-6-15-f001){#fig1}

Discussion {#sec5}
==========

In this multiethnic, retrospective clinic-based study, we found a relatively low nonadherence to PSOR rate of 12.7% in Asian patients with T2DM. Although traditional modified Poisson regression models identified several factors that were associated with nonadherence, namely having higher triglyceride levels, and having mild or no referable eye diseases in fundus images, conditional inference tree modeling allowed us to eliminate systemic factors while maintaining the model\'s AUC of 84%. Further prospective longitudinal, and qualitative studies are warranted to verify our findings, validate our preliminary risk prediction model, and explore the reasons underpinning nonadherence to PSOR.

To our knowledge, this is the first study in Asia to report the nonadherence rate to PSOR. Our rate of 12.7% is much lower than the 30% to 79% reported in previous Western studies.[@bib6]^--^[@bib8] We postulate that the lower levels of nonadherence might be because of the high literacy rates in Singapore (∼88%),[@bib15] as studies have shown a correlation between higher literacy rates with adherence to medical advice.[@bib15]^,^[@bib16] Another potential reason explaining our low nonadherence rate is the presence of a nationwide copayment scheme. The medical fees for Singaporeans are partially covered by the government (Medisave, Medishield Life, and Medifund), which may help to substantially alleviate the financial burden of health care, particularly for Singapore\'s elderly and underprivileged populations. Finally, Singapore is a small country, with an area of approximately 720 km^2^. As such, the close proximity to health care services for residents may be a substantial contributory factor to the low nonadherence rate to PSOR observed in our study. Unfortunately, qualitative data to confirm these hypotheses, and information on whether individuals had private insurance plans to further mitigate costs, were not collected in this study. Future studies with the relevant data may be needed to verify and expand on our current findings.

Various studies conducted in Western populations revealed factors associated with nonadherence that were similar to that elicited in our traditional multivariable analyses, specifically with regard to higher triglyceride levels and less severe DR.[@bib8]^,^[@bib12]^,^[@bib17] Considering that DR has few visual symptoms until the disease becomes quite advanced,[@bib18] it is not unusual for patients with mild disease to not realize the importance of early intervention, which likely explains our observation of the association between milder disease with higher rates of nonadherence rates to PSOR. In contrast, despite an established correlation between poor disease control and lack of adherence to various disease intervention strategies,[@bib19] it is surprising that only higher triglyceride levels, and not other indicators of poor control, for example, raised HbA1c and blood pressure levels, were significantly associated with increased risk of nonadherence to PSOR in our study. Moreover, removal of this variable in conditional inference models did not significantly affect discriminative accuracy, suggesting that higher triglyceride levels may not be an important overall contributor to nonadherence to PSOR.

Our study involved a large clinic-based sample attending government polyclinics in Singapore, which makes our results generalizable to the majority of Singaporean individuals who live with diabetes, as most of these patients visit the polyclinic for their chronic disease care. Furthermore, our study utilized a standardized grading system for diabetes-related eye diseases, and also drew from a wide selection of participant sociodemographic and clinical parameters allowing for a comprehensive characterization of factors predicting nonadherence to PSOR. In addition, aside from the traditional multivariable models utilized in previous studies, we also used regression tree modeling in our analyses to determine the sociodemographic and clinical risk factors associated with nonadherence to PSOR.[@bib14]

However, it is important to note that our study was retrospective in nature, and as such we may not have collected all potential factors associated with nonadherence to PSOR, such as a patient\'s clarity with regard to the referral process; patients' perceptions on DR and their view on the importance of eye examinations; distance, travel time, and mode of transportation to the tertiary hospital; as well as whether these individuals were privately insured, all of which have been established to play a role in the uptake of tertiary eye referrals.[@bib17]^,^[@bib20]^,^[@bib21] Furthermore, our participants were drawn from government polyclinic databases and may not reflect individuals who chose to follow-up with doctors from private practice. Finally, a limitation of our approach was that we utilized the same data to build and evaluate the model, which may have led to an overestimation of model performance. We chose not to conduct internal validation (e.g., by splitting the sample into separate training and validation sets) due to possible selection bias arising from the large volume of missing data (N = 1647). As such, further prospective quantitative, as well as qualitative work to elicit the reasons underpinning nonadherence to PSOR, are warranted to improve and validate the model\'s predictive accuracy.

Conclusions {#sec6}
===========

Our study showed that the rate of nonadherence to PSOR was low in a multiethnic Asian population with T2DM. Using traditional multivariable and conditional inference tree models, our study identified common key factors, such as more than one eye condition, the presence of cataract, other eye conditions, glaucoma, DR severity, and AMD, that can be used to characterize nonadherent individuals. The results of our study are the first steps toward allowing primary care practitioners to understand and design intervention strategies to target individuals who are likely to be nonadherent to PSOR, ultimately decreasing the burden of blindness and diabetic-related eye disease on Singapore\'s health care system. Future prospective studies that include both quantitative and qualitative data are needed to understand underpinning reasons for nonadherence to PSOR, as well as to refine the discriminant accuracy and validate the predictive model in clinical practice.
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